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HIGHLIGHTS 


•  C1i1.3Mn1.7O4  was  prepared  by  glycine-nitrate  process  followed  by  mechanical  milling. 

•  Cu1.3Mn1.7O4  spinel  layer  was  deposited  on  AISI  430  by  screen-printing  method. 

•  Cu1.3Mn1.7O4  coating  significantly  retarded  the  sub-scale  growth  on  AISI  430. 

•  The  coating  was  crack-free  and  well  bonded  to  the  substrate  after  500  h  oxidation. 

•  The  coating  acted  as  a  barrier  to  Cr  diffusion  and  greatly  reduced  the  ASR  values. 
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To  protect  solid  oxide  fuel  cells  (SOFCs)  from  chromium  poisoning  and  to  improve  area  specific  resistance 
(ASR),  Cu1.3Mn1.7O4  is  thermally  grown  on  AISI  430  ferritic  stainless  steel.  The  samples  are  characterized 
by  X-ray  diffraction  (XRD),  field  emission  scanning  electron  microscopy  equipped  with  energy  dispersive 
spectroscopy  (FESEM-EDS)  and  4-probe  ASR  tests.  The  results  show  that  the  coating  not  only  decreases 
the  ASR  considerably,  but  also  acts  as  a  barrier  to  mitigate  the  sub-scale  growth  and  to  prevent  chro¬ 
mium  migration  through  the  coating  and  the  cathode.  The  EDS  analysis  reveals  that  a  mixed  spinel 
region  is  formed  between  the  coating  and  oxide  scale  after  500  h  oxidation  at  750  °C  causing  a  noticeable 
decrease  in  oxygen  diffusivity  through  this  layer  and  subsequent  decline  in  sub-scale  growth  rate.  The 
ASR  of  uncoated  sample  is  measured  to  be  63.5  mQ  cm2  after  500  h  oxidation,  while  the  Cu1.3Mn1.7O4 
spinel  coated  sample  shows  a  value  of  19.3  mQ  cm2  representing  -70%  reduction  compared  to  the  un¬ 
coated  sample.  It  is  proposed  that  the  high  electrical  conductivity  of  C1i1.3Mn1.7O4  (140  S  cm-1),  reduction 
of  oxide  scale  growth,  and  good  bonding  between  the  coating  and  substrate  contribute  to  the  substantial 
ASR  reduction  for  the  coated  sample. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  Oxide  Fuel  Cells  (SOFCs)  are  promising  candidates  for  new 
energy  resources  due  to  their  low  environmental  impacts,  high 
efficiency  1-4]  and  excellent  fuel  flexibility  [4-6].  Direct  conver¬ 
sion  of  chemical  energy  into  electrical  energy  via  electrochemical 
reactions  between  fuel  and  oxidant  without  involving  combustion 
is  the  main  characteristic  of  SOFCs  7,8  .  As  a  key  component  of 
SOFCs  stacks,  interconnect  provides  electrical  connection  between 
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single  cells,  physically  separates  the  oxidant  at  the  cathode  and  the 
fuel  at  the  anode  and  distributes  gases  to  the  electrodes  [9-13]. 
Consequently,  interconnect  materials  must  retain  a  series  of  re¬ 
quirements  as  follows:  high  temperature  oxidation  resistance  and 
good  stability  in  both  reducing  and  oxidizing  atmospheres, 
compatible  thermal  expansion  coefficient  (TEC)  with  the  other 
parts  of  SOFCs  stacks  (cathodes,  anodes  and  electrolytes),  high 
electrical  conductivity  and  marginal  ionic  conductivity  14-16], 
sufficient  mechanical  strength  and  creep  resistance  [15]  and  ther¬ 
modynamic  stability  over  the  applied  temperature  range  16]. 
Recent  progresses  in  manufacturing  thinner  electrolyte  layers  have 
reduced  SOFCs  operating  temperatures  from  950-1000  °C  to 
600-850  °C  [5,16]  making  it  possible  to  employ  stainless  steel  in¬ 
terconnects  instead  of  conventional  doped  lanthanum  chromite 


1074 


N.  Hosseini  et  al.  /  Journal  of  Power  Sources  273  (2015)  1073—1083 


(LaCrOs)  ceramic  components  [17—23].  Among  various  stainless 
steels,  chromia-forming  ferritic  stainless  steels,  e.g.,  type  430  alloy, 
Crofer22  APU,  E-brite,  ZMG  232  L  etc,  are  promoted  as  the  leading 
interconnect  materials  1,24-28  because  of  their  thermal  expan¬ 
sion  behavior  close  to  ceramic  parts,  relatively  high  oxidation 
resistance,  lower  cost  compared  to  ceramics  [1,29,30],  appropriate 
workability  and  machinability  [5,30  ,  structural  integrity  and  high 
electrical  and  thermal  conductivities  14].  However,  these  materials 
suffer  from  severe  oxidation  at  the  operating  temperature  of  SOFC 
600-850  °C  during  its  expected  long  life  (about  40,000  h)  [31-33]. 
The  continuous  growth  of  oxide  scale  (consisting  mainly  of  Cr203) 
with  low  electrical  conductivity  [10,12,15,34]  increases  the  stacks 
electrical  resistance  [15-18,35-37]  and  the  possibility  of  spallation 
because  of  the  TEC  mismatch  between  the  oxide  scale  and  the 
metallic  substrate  [36]  and/or  formation  of  porosity  at  the  oxide 
scale/metallic  substrate  interface  11  .  Another  critical  issue  which 
limits  the  application  of  metallic  interconnects  is  the  evaporation  of 
volatile  Cr-rich  species,  i.e.  Cr03  or  Cr02(0H)2,  leading  to  rapid 
cathode  performance  degradation  known  as  Cr-poisoning  37-44]. 
Upon  combination  with  oxygen  ions,  the  volatile  Cr-rich  species  are 
reduced  back  to  Cr203  and  decrease  the  cathode  active  area  [15,41  ]. 
It  is  worthy  of  consideration  that  the  presence  of  (Mn,Cr)304  spinel 
top-scale  with  higher  conductivity  than  Cr203  sub-scale,  typically 
in  type  430  alloy  and  Crofer22  APU  [12,14,34,38,45,46],  may  reduce 
the  contact  resistance  between  the  interconnect  and  the  cathode  or 
anode  of  SOFC  [12,34].  This  double-layer  offers  lower  Cr-poisoning 
[12,14,34,40]  because  the  chromium  volatility  in  the  spinel  is 
smaller  than  Cr203  [  14,19,41  .  Nevertheless,  previous  study  by  Yang 
et  al.  19]  proved  that  considerable  degradation  of  cell  performance 
takes  place  for  uncoated  interconnects  pointing  to  the  significant 
chromium  volatility  from  Cr-containing  spinel  layer  particularly 
during  the  early  stages  of  oxidation  [47  .  To  overcome  the  draw¬ 
backs  of  metallic  interconnects  like  Cr203  growth  and  Cr  outward 
diffusion,  and  to  improve  the  interface  contact  properties,  they  are 
usually  coated  by  conductive  ceramic  oxides.  The  protective  coating 
must  have  high  electrical  conductivity  and  low  chromium  cation 
and  oxygen  anion  diffusivity  at  the  operating  temperature  range  of 
SOFCs  [37  .  As  an  alternate  approach,  conductive  perovskites  have 
been  extensively  used  for  such  applications  [48-54]  due  to  their 
high  conductivities  and  close  matched  TEC  with  alloys  and  elec¬ 
trode  materials  [1,7,55-57  .  These  coatings  decrease  the  interfacial 
contact  resistance  [  19,37,58] ;  however,  high  sintering  temperature 
of  the  perovskites  leads  to  low  compaction  of  these  coatings  [7,11] 
and  cell  performance  may  still  be  degraded  by  outward  chromium 
migration  through  the  coating  [19,37,59,60].  In  addition  to  the 
perovskites,  spinel  oxides  which  contain  no  chromium  can  effec¬ 
tively  retard  oxidation  and  inhibit  chromium  volatility  from  ferritic 
stainless  steels  [4].  The  most  widely  studied  spinel  to  date  is 
(Mn,Co)304  [33-35,61],  while  the  (Cu,Mn)304  spinel  system  is  a 
potential  candidate  for  interconnect  coating  material  owing  to  its 
excellent  electrical  conductivity  [62]  and  compatible  TEC  with 
ferritic  stainless  steels  [63].  Therefore,  in  the  present  study, 
(Cu,Mn)304  spinel  layer,  with  a  nominal  composition  of 
Cui.3Mni.704,  was  thermally  grown  on  AISI  430  ferritic  stainless 
steel  and  its  effectiveness  in  suppressing  chromium  migration  and 
minimizing  interfacial  resistance  was  investigated  for  interconnect 
applications  in  intermediate  temperature  SOFCs. 

2.  Experimental 

2.2.  Coating  deposition 

Circular  samples  with  dimensions  of  c|)18  x  1  mm  were  cut  from 
commercial  AISI  430  sheet  steel  using  wire  cutting.  The  chemical 
composition  of  the  samples  is  presented  in  Table  1. 


Table  1 

Chemical  composition  of  AISI  430  stainless  steel. 


Element 

Cr 

Mn 

C 

Si  S  P 

Fe 

Concentration  (wt.%) 

17.4 

0.47 

0.04 

0.29  0.004  0.03 

Balance 

The  sample  surfaces  were  ground  with  SiC  sand  paper  up  to  600 
grit.  This  procedure  was  executed  to  eliminate  any  surface  defects 
and  composition  variation  due  to  sheet  processing,  which  could 
potentially  influence  the  oxidation  performance  of  the  alloys.  Prior 
to  coating,  any  residue  from  the  polishing  process  was  removed  by 
ultrasonic  degreasing  in  an  acetone  bath  for  15  min,  rinsing  with 
ethyl  alcohol,  and  finally  drying  the  samples  in  an  oven  at  67  °C. 

Cui.3Mni.704  spinel  powder  prepared  by  glycine-nitrate  pro¬ 
cess  (GNP)  and  subsequent  mechanical  milling  was  used  as  coating 
material.  To  do  so,  appropriate  amounts  of  copper  nitrate 
(Cu(N03)2-3H20,  Sigma  Aldrich,  98%),  manganese  nitrate 
(Mn(N03)2-4H20,  Sigma  Aldrich,  98%)  and  glycine  (CH2NH2COOH, 
Sigma  Aldrich,  98.5%)  were  dissolved  into  a  small  volume  of 
deionized  water  to  obtain  transparent  aqueous  solutions.  After  1  h 
of  stirring,  the  solutions  were  heated  on  a  hot  plate  using  a  large 
volume  stainless  steel  beaker  where  the  excess  water  was  evapo¬ 
rated  resulting  in  a  viscous  gel  precursor.  By  increasing  the  tem¬ 
perature,  an  autoignition  reaction  spontaneously  occurred  in  the 
precursor,  upon  which  a  large  amount  of  gaseous  phase  was 
released.  A  voluminous  black  ash  was  formed,  which  was  further 
crushed  in  a  mortar.  To  remove  any  traces  of  glycine,  nitrates  and 
their  undesirable  decomposition  products,  the  powders  were 
subjected  to  calcination  process  at  500  °C  for  2  h  under  argon  at¬ 
mosphere.  To  reduce  the  particle  size  and  to  break  down  the  ag¬ 
gregates,  the  calcined  powders  were  ball-milled  for  1  h  in  a  high- 
energy  planetary  mill  (Fritsch,  Mono  mill  Pulverisette  6  classic 
line  model)  using  a  zirconia  vial  containing  zirconia  balls  and  ethyl 
alcohol.  The  optimization  of  the  CuxMn3_x04  (0.9  <  x  <  1.3)  spinel 
powders  in  terms  of  structural  and  electrical  conductivity  behavior 
is  discussed  in  our  previous  study  62]. 

To  prepare  slurry  of  the  coating,  the  synthesized  powder  was 
mixed  with  an  appropriate  binder.  The  slurry  was  applied  onto  the 
stainless  steel  samples  by  screen-printing  method.  After  drying  in 
an  oven  at  67  °C  for  5  h,  the  coated  and  uncoated  stainless  steel 
samples  were  heat-treated  in  a  quartz  tube  furnace  under  different 
conditions  listed  in  Table  2. 

To  probe  the  chromium  migration  and  subsequent  Cr-poisoning 
of  the  cathode,  the  coated  and  uncoated  AISI  430  samples  were 
evaluated  in  a  configuration  (Fig.  1),  which  simulates  interconnect/ 


Table  2 

Different  heat-treatment  conditions  for  coated  and  uncoated  AISI  430  samples. 

Sample  Heat-treatment  conditions 

A  Uncoated  AISI  430  stainless  steel  oxidized  at  750  °C  for  100  h  in  air 

(Short-term  oxidation) 

B  Uncoated  AISI  430  stainless  steel  oxidized  at  750  °C  for  500  h  in  air 

(Long-term  oxidation) 

C  Cu1.3MnT.7O4  spinel  coated  AISI  430  stainless  steel  oxidized  at  750  °C 

for  100  h  in  air 

D  Cu1.3Mn1.7O4  spinel  coated  AISI  430  stainless  steel  reduced  at  750  °C 

for  2  h  in  (Ar  +  5%  H2) 

E  Cu1.3Mn1.7O4  spinel  coated  AISI  430  stainless  steel  reduced  at  750  °C 

for  2  h  in  (Ar  +  5%  H2)  and  oxidized  at  750  °C  for  10  h  in  air 

F  Cu1.3Mn1.7O4  spinel  coated  AISI  430  stainless  steel  reduced  at  750  °C 

for  2  h  in  (Ar  +  5%  H2)  and  oxidized  at  750  °C  for  100  h  in  air 
(short-term  oxidation) 

G  Cu1.3Mn1.7O4  spinel  coated  AISI  430  stainless  steel  reduced  at  750  °C 

for  2  h  in  (Ar  +  5%  H2)  and  oxidized  at  750  °C  for  500  h  in  air 
(long-term  oxidation) 
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Fig.  1.  Schematic  illustration  of  interconnect/cathode  interface  in  a  SOFC  stack. 


coating,  and  the  oxide  layer  between  the  former  two  layers.  Since 
the  electrical  resistance  of  the  metallic  substrate  is  negligible 
compared  with  the  other  two,  the  ASR  measurement  is  a  very 
effective  way  to  reflect  coating  performance.  For  comparison,  the 
electrical  resistance  of  the  uncoated  sample  was  also  measured  as  a 
function  of  time  at  750  °C  for  500  h  in  air. 


3.  Results  and  discussion 


cathode  interface  in  SOFCs  stacks.  Porous  LSCF  (Lao.6Sro.4Coo.2- 
Feo.sOs)  cathode  (<^>18  x  1  mm)  was  prepared  utilizing  GNP  fol¬ 
lowed  by  2  h  calcination  at  850  °C,  2  h  ball  milling  and  sintering  at 
1040  °C  in  air.  To  prepare  LSCF  powder  by  GNP,  appropriate 
amounts  of  lanthanum  nitrate  (La(N03)3-6H20,  Samchun,  98%), 
cobalt  nitrate  (Co(N03)2-6H20,  Sigma  Aldrich,  98%),  strontium  ni¬ 
trate  (Sr(N03)2,  Sigma  Aldrich,  99%),  iron  nitrate  (Fe(N03)3-9H20, 
Katayama  Chemicals,  98%)  and  glycine  (CH2NH2COOH,  Sigma 
Aldrich,  98.5%)  were  dissolved  into  deionized  water.  The  aqueous 
solution  was  heated  on  a  hot  plate  leading  to  the  formation  of  a 
viscous  gel.  Further  heating  the  viscous  gel  yielded  to  the  formation 
of  LSCF  compound  through  an  autoignition  reaction.  The  calcina¬ 
tion  process  was  applied  on  the  powder  at  850  °C  for  2  h  in  air.  To 
reduce  the  particle  size  of  the  LSCF  powder  and  making  it  suitable 
for  sintering  process,  the  powder  was  ball  milled  for  2  h  in  a  high- 
energy  planetary  mill  using  a  zirconia  vial  containing  zirconia  balls 
and  ethyl  alcohol.  To  obtain  the  LSCF  porous  cathode,  the  ball 
milled  powder  was  then  pelletized  and  sintered  at  1040  °C  for  2  h  in 
air.  A  contact  layer  of  LSM  (Lao.sSro.2Mn03)  slurry  was  applied  on 
one  side  of  the  cathode  by  means  of  screen-printing.  The  LSCF 
cathode,  screen-printed  with  the  LSM  wet  coating,  was  applied  on 
the  reduced  spinel  coated  sample.  An  isothermal  oxidation  test  was 
subsequently  performed  at  750  °C  up  to  500  h.  A  simultaneous  test 
was  also  considered  for  the  uncoated  interconnect/contact  layer/ 
cathode  configuration  for  comparison. 

2.2.  Coating  characterization 

XRD  analysis  of  the  coated  and  uncoated  samples  as  well  as  the 
cathodes  was  performed  using  XRD-Rigaku  diffractometer  (40  kV, 
100  mA)  with  CuKct  radiation  (A  =  1.54056  A).  Surface  morphol¬ 
ogies  and  cross-sectional  views  of  different  samples  were  charac¬ 
terized  by  FESEM-EDS.  Electrical  performance  of  the  coated  sample 
was  evaluated  by  standard  4-probe  area  specific  resistance  (ASR) 
test  as  a  function  of  time  at  750  °C  for  500  h  in  air.  Prior  to  ASR 
measurement,  the  coated  sample  was  heat-treated  in  the  reducing 
atmosphere  at  750  °C  for  2  h  in  reducing  atmosphere  (Ar  +  5%  H2) 
and  Pt  meshes  were  fixed  on  both  sides  of  the  sample  (Fig.  2)  as 
current  collectors.  Moreover,  Pt  paste  was  applied  between  the 
meshes  and  the  coated  surface  to  improve  the  mesh  to  sample 
contact.  The  ASR  includes  the  resistance  of  metallic  substrate,  the 


Pt  paste 


Oxide 


\ 


Pt  mesh 


Spinel  coating 


Interconnect 


Fig.  2.  Schematic  illustration  of  the  setup  used  for  ASR  measurements. 


3.1.  Microstructure 

3.1.1.  Uncoated  AISI 430 

Fig.  3  shows  the  XRD  patterns  of  samples  A  and  B.  Samples  A  and 
B  are  the  uncoated  AISI  430  oxidized  for  100  h  and  500  h  at  750  °C 
in  air,  respectively.  The  oxide  phases  including  Cr203  and 
(Mn,Cr,Fe)304  spinel  are  present  in  both  patterns.  The  relative  ratio 
of  (Mn,Cr,Fe)304/Cr203  peak  intensities  is  increased  with  heat- 
treatment  time  indicating  an  increase  in  the  spinel  phase 
amount.  Also,  it  is  suggested  that  the  fast  growth  of  Cr203  is 
dominant  in  the  first  stage  of  oxidation,  whereas  the  formation  of 
spinel  oxide  governs  the  second  oxidation  stage  to  reduce  the 
oxidation  rate  of  the  alloy  [2].  According  to  the  previous  studies 
[17,18,64,65  ,  the  diffusion  coefficient  of  metal  ions  in  Cr203  layer 
grown  on  Fe-Cr  alloys  decreases  in  the  order  DMn  >  DFe  >  Dni  >  Do- 
assuming  that  these  ions  diffuse  via  Cr3+-lattice  sites  in  Cr203. 
Consequently,  the  formation  of  (Mn,Cr,Fe)304  spinel  on  top  of  the 
Q2O3  stems  from  high  diffusion  coefficient  of  Mn  metal  ions 
coming  from  the  alloy  to  the  0*203  scale  [17,66  . 

SEM  images  also  reflect  the  changes  in  the  scale  grown  on  the 
surface  of  uncoated  AISI  430.  According  to  Fig.  4a  (sample  A),  the 
scale  appears  discontinuous  containing  flaky  O2O3  and  dispersed 
prism-like  (Mn,Cr,Fe)304  spinel  particles.  The  EDS  spectra  from 
regions  I  (Fig.  4b)  and  II  (Fig.  4c)  confirm  the  presence  of  these  two 
oxides,  respectively  (Fig.  4b  and  c).  As  for  sample  B,  the  surface  is 
mainly  covered  by  the  loosely  packed  spinel  crystals  (Fig.  4d). 

The  cross-section  morphology  and  corresponding  EDS  line  scan 
of  the  sample  B  are  presented  in  Fig.  5.  Combined  with  the  XRD 
results  (Fig.  3),  it  is  evident  that  there  is  a  top-scale  of  (Mn,Cr,Fe)304 
spinel  over  a  Q2O3  sub-scale.  Mn  is  an  important  alloying  element, 
which  promotes  spinel  formation  on  top  of  the  Cr203  scale  [41  due 
to  its  high  mobility  and  high  oxidation  potential  [16  .  The  average 
thickness  of  the  oxide  scale  on  sample  B  was  estimated  to  be  ~4  pm. 


10  20  30  40  50  60  70  80  90  100 

20  (degree) 


Fig.  3.  XRD  patterns  of  the  uncoated  AISI  430  oxidized  for  100  h  (sample  A)  and  500  h 
(sample  B)  at  750  °C  in  air. 
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Element 

Weight  % 

Atomic  % 

O  K 

31.20 

60. 1 0 

Cr  L 

43.50 

25.80 

Mil  L 

18.40 

10.30 

Fe  L 

6.90 

3.80 

Total 

100.00 

100.00 

1 1 1 1 1 1  ii 1 1 m 1 1 1 ii  1 1 1 1 

2  4  6 

Full  Scale  808  cts  Cursor:  0.000 


Element  Weight%  Atomic% 


OK 

29.20 

57.30 

Cr  L 

70.80 

42.70 

Total 

100.00 

100.00 

2  4  6  8 

Full  Scale  309  cts  Cursor:  0.000 


Fig.  4.  SEM  images  for  samples  A  (a)  and  B  (d)  and  EDS  spectra  for  regions  I  (b)  and  II  (c)  of  sample  A. 


It  is  worth  noting  that  the  chromia-forming  ferritic  stainless 
steels  with  Cr  content  in  the  range  of  15-20  wt.%  exhibit  consid¬ 
erable  chromium  vaporization  in  the  working  conditions  of  SOFCs. 
The  vaporization  of  chromium  species  Cr03  over  CT2O3  can  be 
expressed  as  [67]: 

Cr203(s)+|o2(g)-2Cr03(g)  (1) 


lnK 


-AH0  /1\ 

R  \Tj 


+  c 


where  AH0  is  the  standard  enthalpy  change,  R  is  the  universal  gas 
constant,  T  is  temperature  and  C  is  a  constant.  Since  the  partial 
pressure  of  oxygen  is  fixed,  combining  Van't  Hoff  equation  with  Eq. 
(2)  yields 


where  the  equilibrium  constant,  I<,  of  this  reaction  is 


K 


where  Pi  is  the  partial  pressure  of  the  corresponding  gas.  The  Van't 
Hoff  equation  is 


ln  Pcr°3  =  (f)  +  c'  (4) 

where  A H{?  is  the  standard  enthalpy  change  of  reaction  (1 ),  and  C  is 
a  constant.  When  the  surface  of  the  scale  is  not  Cr203(s)  and  is 
covered  by  (Mn,Cr,Fe)304  spinel,  the  activity  of  Cr203(s)  at  the 
surface  is  reduced;  therefore,  Eq.  (4)  is  changed  to 


Fig.  5.  SEM  image  for  the  cross-section  (a)  and  EDS  line  scan  (b)  of  sample  B. 
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Table  3 

TEC  values  for  substrate  and  phases  present  in  the  oxide  scale. 


Material 

TEC 

(1(T6  C”1) 

Temperature 

(°C) 

Ref. 

Cr2C>3 

9.6 

(20-1000) 

[5,11] 

MnCr2C>4 

7.47 

(100-900) 

[13] 

MnFeo.1Cr1.9O4 

9.57 

(100-900) 

[13] 

MnFeCr04 

9.93 

(100-900) 

[13] 

Chromia-forming  ferritic  stainless  steels 

12 

— 

[2] 

Chromia-forming  ferritic  stainless  steels 

11.9 

— 

[5] 

Chromia-forming  ferritic  stainless  steels 

11-13 

(20-1000) 

[11] 

In  Pcro3  =  (f)  +  C'  +  In  aCr2o3  (5) 

where  aCr2 q3  is  the  activity  of  Cr203(s)  in  the  spinel  phase.  Ac¬ 
cording  to  Eq.  (5),  the  chromium  vaporization  is  affected  by  the 
activity  of  Cr203(s)  at  the  surface  of  the  scale.  In  the  case  of  sample  B 
(Fig.  5),  (Mn,Cr,Fe)304  spinel  formation  as  the  top-scale  reduces 
aCr2o3  and  decreases  the  chromium  vaporization  [17,45].  However, 
by  not  protecting  the  substrate  against  the  oxidation  reactions,  the 
double-layer  scale  significantly  lowers  the  electrical  conductivity  of 
the  SOFCs  [17,68].  Also,  investigations  exhibit  considerable  TEC 
mismatch  between  the  oxide  scale  and  metallic  substrate,  which 
increases  the  thermal  stresses  and  probable  local  spallation  11]. 
Table  3  compares  the  TEC  values  of  Cr203,  Mn-Cr  spinels  and 
chromia-forming  ferritic  stainless  steels. 

Fig.  6a  illustrates  the  cross-section  morphology  of  LSCF  cathode 
in  contact  with  the  uncoated  AISI 430  oxidized  at  750  °C  up  to  500  h 
according  to  the  configuration  shown  in  Fig.  1.  The  presence  of  Cr 
(-4  at.%)  in  the  EDS  spectrum  of  region  I  (Fig.  6b)  confirms  the 
chromium  migration  toward  the  cathode  side.  In  fact,  the  volatile 
Cr-rich  species  such  as  Cr03  from  oxidized  scale  is  reduced  at  the 
electrochemical  active  sites  of  the  cathode,  thereby  blocks  the  ox¬ 
ygen  reaction  sites  [20,24,69]  causing  a  considerable  degradation  of 
SOFC  power  [18]. 

3.2.2.  Cu\3Mn\j04  coated  AISI  430 

The  XRD  pattern  of  sample  C  is  shown  in  Fig.  7a.  As  shown,  the 
protective  coating  consists  of  pure  Cu1.3Mn1.7O4  after  100  h 
oxidation  signifying  the  phase  stability  of  spinel  phase  at  750  °C. 

According  to  Fig.  7b,  the  microstructure  of  sample  C  is  not  fully 
dense  and  evidences  of  crack  propagation  are  observed.  Higher 
magnification  of  surface  morphology  is  depicted  in  Fig.  7c. 
Randomly  distributed  prismatic  spinel  grains  are  clear.  The  cross- 
sectional  view  (Fig.  7d)  also  proves  cracking  and  poor  bonding 
between  the  coating  and  the  substrate. 


In  order  to  improve  the  interfacial  bonding  between  the  spinel 
protective  layer  and  the  ferritic  stainless  steel  and  to  achieve  a 
dense  coating,  heat  treatment  in  reducing  atmosphere  before 
exposure  to  the  oxidation  condition  was  applied  on  the  coated 
samples.  Fig.  8  shows  the  XRD  pattern  and  SEM  images  for  the 
surface  of  sample  D  (after  2  h  heat  treatment  in  Ar  +  5%  H2  at 
750  °C). 

The  XRD  pattern  in  Fig.  8a  reveals  that  during  reduction  treat¬ 
ment  in  Ar  +  5%  H2  mixture,  the  spinel  coating  is  reduced  to 
MnO  +  Cu.  Fig.  8b  and  c  illustrate  that  the  surface  morphology  of 
sample  D  is  relatively  uniform  and  porous.  Moreover,  the  BSE 
micrograph  confirms  the  coexistence  of  sub-micron  MnO  particles 
within  the  Cu  matrix,  respectively  with  bright  and  gray  contrast 
(Fig.  8d). 

The  cross-sectional  image  and  corresponding  EDS  line  scan  of 
sample  D  are  presented  in  Fig.  9.  As  shown  the  coating  is  adhered 
well  to  the  substrate  and  presents  a  more  compacted  structure 
compared  to  sample  C.  The  metallic  Cu  existing  within  the  MnO 
grains  improves  the  sintering  and  densification  during  reduction 
step  [5  .  The  EDS  analysis  (Fig.  9b)  indicates  a  multilayer  structure 
comprising  the  substrate  with  high  Fe  and  Cr  content,  a  -3  pm  thick 
Cu-rich  metallic  layer  and  a  top-layer  with  high  concentration  of  Cu 
and  Mn.  For  Cu  distribution,  the  alloy/coating  interface  is  more 
potential  sites  since  the  metallic  alloy  is  in  contact  with  the  metallic 
Cu  phase  [5].  Furthermore,  the  direct  bonding  between  the  metallic 
Cu  and  other  elements,  e.g.,  Fe,  Mn  and  Cr,  from  the  substrate  can 
significantly  enhance  the  coating  adhesion  to  the  AISI  430  substrate 
[3].  According  to  the  EDS  results,  this  multilayer  structure  contains 
very  small  amount  of  Cr. 

Subsequent  thermal  oxidation  of  the  Cu  +  MnO  precursor  layer 
in  air  at  750  °C  for  10  h  (sample  E)  leads  to  the  reproduction  of 
Cu1.3Mn1.7O4  spinel  coating  and  no  significant  evidences  of  pure 
metal  and  manganese  oxide  are  observed,  as  confirmed  by  XRD 
pattern  in  Fig.  10a.  Despite  sample  C,  the  surface  morphology  of 
sample  E  is  homogenous,  dense  and  crack-free  and  no  spallation  is 
observed  on  the  surface  (Fig.  10b)  indicating  the  effective  role  of 
reduction  pre-treatment  to  prevent  cracking  and  spallation  of  the 
coating,  in  agreement  with  data  reported  in  previous  studies 
[14,70-72].  It  should  be  noted  that  during  oxidation  in  air,  the  re¬ 
action  between  the  reduced  coating  and  oxygen  element  can 
considerably  decrease  the  porosity  and  a  comparatively  dense 
packing  coating  is  achieved  [3].  In  comparison  with  Fig.  8c,  the 
grain  morphology  is  changed  substantially  exhibiting  prismatic 
grains  (~0.6  pm)  with  faceted  planes.  The  coated  sample  was  then 
subjected  to  short-term  oxidation  denoted  as  sample  F.  Again,  all 
the  XRD  peaks  are  consistent  with  Cu1.3Mn1.7O4  (not  shown) 
similar  to  sample  E  signifying  that  no  phase  transformation  is 
occurred  in  the  coating  during  100  h  oxidation  at  750  °C.  The 
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Fig.  6.  SEM  image  for  LSCF  cross-section  (a)  and  EDS  spectrum  of  region  I  (b). 
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Fig.  7.  XRD  pattern  (a),  SEM  images  of  surface  (b  and  c)  and  SEM  image  for  the  cross-section  (d)  of  sample  C. 


Fig.  8.  XRD  pattern  (a),  SEM  images  for  the  surface  (b  and  c)  and  BSE  image  for  the  surface  (d)  of  sample  D. 
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Fig.  9.  SEM  image  for  the  cross-section  (a)  and  EDS  line  scan  (b)  of  sample  D. 


surface  morphology  and  corresponding  EDS  spectrum  of  region  I  is 
depicted  in  Fig.  11.  The  surface  morphology  is  the  same  as  sample  E, 
while  the  grain  size  is  relatively  increased  with  the  average  size  of 
~1  pm.  Importantly,  no  chromium  is  detected  on  the  surface  of 
sample  F  (Fig.  lib)  emphasizing  the  blocking  nature  of  Cu1.3Mn1.7O4 
spinel  coating. 

According  to  Fig.  12a,  the  spinel  coating  has  a  closed-pores 
microstructure  and  well-bonded  to  the  substrate  via  a  continuous 
sub-scale.  Moreover,  the  coating  is  free  of  cracks,  spallation,  or 
evidence  of  stress  evolution.  The  EDS  line  scan  (Fig.  12b)  reveals 
that  the  Cr  concentration  increases  markedly  at  the  substrate/ 
coating  interface  due  to  the  formation  of  Cr203  sub-scale  (~1  pm) 
followed  by  an  abrupt  drop  in  the  spinel  layer  thickness.  As  illus¬ 
trated  in  cross-sectional  image  (Fig.  12a),  the  interface  of  subscale/ 
coating  is  smooth  and  continuous  (Fig.  12a)  and  no  detectable 
chromium  penetration  into  the  Cu/Mn-rich  spinel  layer  has 
occurred  (except  ~2  pm  beyond  the  subscale)  during  the  short-term 
oxidation  (Fig.  12b). 

To  assess  the  effectiveness  of  the  spinel  coating  in  suppressing 
the  chromium  diffusion,  long-term  oxidation  (500  h  at  750  °C)  was 
executed  on  the  coated  sample  (sample  G).  As  shown  in  Fig.  13,  the 
protective  layer  is  made  up  of  spinel  phase  and  no  indication  of 
other  phase  is  observed  even  after  500  h  oxidation. 

Surface  morphology  and  the  corresponding  EDS  spectrum  of 
sample  G  are  illustrated  in  Fig.  14a  and  b,  respectively.  As  shown, 
the  grains  are  substantially  larger  (average  grain  size:  ~2.4  pm)  but 
similar  dense  prismatic  morphology  can  be  observed  in  compari¬ 
son  with  samples  E  and  F.  Furthermore,  there  is  no  chromium 
enrichment  on  the  coating  surface  (Fig.  14b).  Fig.  14c  and  d  shows 
the  cross-sectional  image  as  well  as  EDS  line  scan  of  sample  G.  The 


porosity  appears  to  be  lower  than  sample  F  indicating  that  longer 
exposure  leads  to  further  sintering  of  the  spinel  [58  .  The  spinel 
protective  layer  appears  to  have  a  good  adhesion  with  the  substrate 
and  is  free  of  spallation,  cracking,  and  delamination.  Compared  to 
Fig.  12b,  the  spread  in  the  peak  width  of  Cr  in  the  vicinity  of  the 
coating/substrate  interface  indicates  the  growth  of  the  Cr203  sub¬ 
scale.  A  smooth  and  continuous  interface  is  observed  between 
the  coating  and  the  sub-scale  that  grow  to  a  thickness  of  only  ~2  pm 
after  500  h  exposure  in  air.  In  comparison,  on  bare  AISI  430  the 
scale  can  grow  up  to  ~4  pm  thickness  under  similar  conditions 
(sample  B,  Fig.  5).  Thus,  the  Cu1.3Mn1.7O4  spinel  coating  on  AISI  430 
significantly  reduces  the  scale  growth  rate,  which  requires  the  in¬ 
ward  diffusion  of  oxygen  ions  through  the  coating  [58  .  According 
to  the  EDS  line  scan  (Fig.  14d),  the  coating  layer  seems  to  be  an 
effective  barrier  against  outward  diffusion  of  Cr  and  Fe  cations.  It 
should  be  noted  that  marginal  diffusion  of  Cr  ions  to  ~5  pm  beyond 
the  sub-scale  is  recorded  in  the  EDS  results  (at  a  concentration 
significantly  lower  than  for  0*203)  suggesting  the  incorporation  of 
chromium  cations  into  the  spinel  structure  and  subsequent  for¬ 
mation  of  mixed  spinel  region  7,18,41  .  Badwal  et  al.  [73]  reported 
that  in  the  case  of  oxide  coatings  containing  at  least  one  metal,  M, 
selected  from  the  transition  series  Mn,  Fe,  Co  and  Ni,  an  M-Cr 
spinel  layer  would  develop  between  the  metal  substrate  and  the 
coating  layer  by  the  reaction  of  the  coating  with  the  chromium 
oxide  formed  on  the  substrate. 

To  evaluate  the  alloy-coating  interaction,  an  understanding  of 
the  cations  and  anions  transport  processes  occurring  in  this  system 
is  necessary.  The  growth  rate  of  oxide  scale  can  be  determined  by 
diffusion  of  cations  and  oxygen  ions  through  the  oxide  scale  and  the 
oxide  scale/alloy  interface.  According  to  Wargner's  theory,  the 


Fig.  10.  XRD  pattern  (a)  and  SEM  image  (b)  of  sample  E. 
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Fig.  11.  SEM  image  (a)  and  EDS  spectrum  (b)  of  sample  F. 


relationship  between  parabolic  growth  rate  constant  (kp)  and 
diffusion  coefficients  (cation  and  oxygen  ions)  is  denoted  by  Eq.  (6), 
assuming  that  the  oxide  scale  mainly  contains  Cr203  [7,74]: 


2b 


Dcr  +  D 


din  Pq2 


where,  DCr  and  D0  are  the  self-diffusion  coefficients  of  Cr  and  O  in 
the  Cr203  scale,  respectively.  Co  and  b  are  constants.  Pq2  and  P'02  are 
oxygen  partial  pressures  at  the  atmosphere/oxide  scale  and  oxide 
scale/alloy  interfaces,  respectively. 

Considering  Eq.  (6),  kp  for  the  oxide  scale  is  dominated  by  the 
fastest  diffusing  ions.  The  diffusivity  of  Cr  is  reported  to  be  faster 
than  that  of  oxygen  in  Cr203-based  oxides  [7,75,76].  As  a  result,  the 
oxidation  of  uncoated  AISI  430  (samples  A  and  B)  is  governed  by 
chromium  cation  diffusion  within  the  oxide  scale.  However,  the 
oxidation  kinetics  of  the  Cu1.3Mn1.7O4  coated  samples  is  more 
complicated  since  the  mixed  spinel  region  affects  the  oxidation 
kinetics,  particularly  during  long-term  oxidation  (sample  G)  [7]. 
During  oxidation  process,  the  chromium  cations  along  with  elec¬ 
trons  transport  toward  the  oxide  scale/coating  interface  to  react 
with  oxygen  ions  and  to  form  Cr203  oxide  scale.  As  for  bulk  of  the 
coating,  the  chromia  scale  is  not  formed  on  top  of  the  coating 
(Fig.  13)  and  no  chromium  is  penetrated  to  the  surface  of  the 
coating  (Fig.  14b)  indicating  faster  diffusion  of  oxygen  ions  than 
chromium  cations  in  the  Cu1.3Mn1.7O4  spinel  coating  [7].  By  reac¬ 
tion  of  Cr203  scale  and  the  spinel  coating,  the  transport  of  oxygen 
ions  is  hindered  in  the  mixed  spinel  region  (Fig.  14d).  Previous 
studies  [7,75]  have  shown  that  the  oxygen  diffusivity  is  markedly 


blocked  in  the  Cr-rich  oxide  layer  formed  at  the  spinel  coating / 
Cr203  oxide  scale  interface.  Consequently,  the  chromium  cations 
should  further  travel  into  the  mixed  spinel  region  to  form  the 
oxidation  compounds.  Considering  all  other  parameters  to  be 
constant,  increasing  the  distance  that  chromium  cations  should 
travel  in  this  region  exhibits  the  efficiency  of  the  coating  in  sup¬ 
pressing  the  oxidation  process  [7].  Comparing  samples  F  and  G,  it  is 
obvious  that  higher  thickness  of  mixed  spinel  region  with  low  ox¬ 
ygen  diffusivity  causes  a  lower  oxide  scale  growth  rate. 

The  cross-section  morphology  of  LSCF  cathode  in  contact  with 
the  spinel  coated  AISI  430  oxidized  at  750  °C  up  to  500  h  is  illus¬ 
trated  in  Fig.  15.  It  should  be  noted  that  prior  to  oxidation,  the 
coated  sample  is  reduced  separately  for  2  h  at  750  °C. 

As  evidenced  by  the  EDS  result,  no  chromium  is  detected  in  the 
LSCF  cathode  indicating  the  blocking  nature  of  the  Cu1.3Mn1.7O4 
coating  during  long  term  oxidation. 

32.  ASR  measurements 

Fig.  16  depicts  the  ASR  values  for  AISI  430  with  the  Cu1.3Mn1.7O4 
spinel  layer  as  a  function  of  time  at  750  °C.  The  coated  sample  was 
heat  treated  in  Ar  +  5%  H2  at  750  °C  for  2  h  before  starting  the  test. 
For  comparison,  the  ASR  data  for  uncoated  AISI  430  is  also  pre¬ 
sented  in  Fig.  16  under  similar  conditions.  In  the  case  of  uncoated 
sample,  the  contact  ASR  exhibits  an  initial  rapid  rise  from 
26  mfi  cm2  to  51  mQ  cm2  after  only  100  h.  As  the  time  progresses, 
the  ASR  value  is  gradually  increased  to  63.5  mQ  cm2.  The  noticeable 
increase  in  ASR  for  the  uncoated  AISI  430  is  due  to  the  continuous 
growth  of  oxide  scale  (Fig.  5)  [1,17,38,77  .  The  conductivities  of 
G2O3  sub-scale  and  (Mn,Cr,Fe)304  top-scale  are  markedly  smaller 
compared  to  the  metallic  substrate  [78  .  In  contrast  to  the  uncoated 


Fig.  12.  SEM  image  for  the  cross-section  (a)  and  EDS  line  scan  (b)  of  sample  F. 
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Fig.  13.  XRD  pattern  of  sample  G. 


sample,  the  Cu1.3Mn1.7O4  coated  AISI  430  shows  extremely  lower 
ASR  values  ranging  from  15.1  mQ  cm2  at  the  beginning  to 
19.3  mQ  cm2  after  500  h  oxidation  at  750  °C. 

The  mechanisms  by  which  the  Cu1.3Mn1.7O4  coated  AISI  430 
exhibits  -70%  reduction  in  ASR  after  500  h  compared  to  uncoated 
AISI  430  can  be  explained  from  several  aspects.  First,  the 
Cu1.3Mn1.7O4  spinel  has  a  high  electrical  conductivity  value  espe¬ 
cially  at  750  °C.  The  authors  measured  the  electrical  conductivity  of 
CuxMn3_*04  (0.9  <  x  <  1.3)  dense  pellets  in  their  previous  study 
[62],  where  the  results  showed  that  Cu1.3Mn1.7O4  has  the  highest 
conductivity  among  the  mentioned  stoichiometries  (140  S  cm'1). 
This  value  is  significantly  larger  than  those  reported  for  the 
(Mn,Cr)304  [11,34,71,79,80]  and  Q2O3  [5,16,80  .  Second,  the  oxide 


scale  growth  is  considerably  reduced  causing  a  noticeable  decline 
in  the  ASR  values  [16,19  .  As  discussed  in  the  previous  section,  the 
existence  of  Cu1.3Mn1.7O4  coating  and  particularly  the  mixed  spinel 
region  retards  the  oxygen  diffusivity  resulting  in  the  lower  oxide 
scale  growth  rate.  Third,  applying  2  h  reduction  treatment  before 
the  oxidation  process,  and  formation  of  thinner  Cr203  as  well  as 
good  TEC  matching  between  the  Cu1.3Mn1.7O4  (12  x  10-6  C-1  [63  ) 
and  the  substrate  (see  Table  3)  cause  the  coating  to  stay  well- 
bonded  to  the  substrate  even  after  500  h  (Fig.  14c),  which  im¬ 
proves  the  ASR  of  the  coated  sample. 


4.  Conclusions 

In  this  study,  Cu1.3Mn1.7O4  spinel  layer  was  applied  as  the 
coating  material  on  AISI  430  interconnects  using  reduction  and 
subsequent  oxidation  heat  treatment  processes.  The  role  of  this 
coating  in  blocking  the  chromium  diffusion  and  decreasing  the  ASR 
properties  was  investigated  in  the  working  conditions  of  interme¬ 
diate  temperature  SOFCs.  The  results  can  be  summarized  as 
follows: 

1  As  for  uncoated  AISI  430  interconnect  oxidized  at  750  °C  up  to 
500  h  (sample  B),  the  oxide  scale  with  an  average  thickness  of 
-4  pm  was  formed  including  a  top-scale  of  (Mn,Cr,Fe)304  spinel 
over  a  Cr203  sub-scale. 

2  Reduction  treatment  for  2  h  in  Ar  +  5%  H2  prior  to  100  h  and 
500  h  oxidation  at  750  °C  (samples  F  and  G,  respectively)  yielded 
to  the  formation  of  crack-free  coatings  adhered  well  to  the 
substrate  via  a  thin  Cr2C>3  sub-scale. 

3  No  significant  evidences  of  chromium  migration  to  the  surface 
and  also  along  the  thickness  of  samples  F  and  G  were  found 
suggesting  that  the  spinel  coating  layer  acted  as  an  effective 
barrier  against  outward  diffusion  of  these  cations. 
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Fig.  14.  SEM  images  for  surface  (a)  and  cross-section  (c)  and  the  corresponding  EDS  spectrum  and  line  scan  (b  and  d)  of  sample  G. 
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Fig.  15.  SEM  image  for  LSCF  cross-section  (a)  and  EDS  spectrum  of  region  I  (b). 


Time  (h) 

Fig.  16.  ASR  values  for  uncoated  and  coated  samples  as  a  function  of  time  at  750  °C. 

4  The  presence  of  mixed  spinel  regions  (samples  F  and  G)  signif¬ 
icantly  blocked  the  oxygen  diffusion  and  reduced  the  oxide  scale 
growth  rate. 

5  The  ASR  values  for  the  uncoated  AISI  430  increased  from  an 
initial  value  of  26  mQ  cm2  to  63.5  mQ  cm2  indicating  a  -144% 
rise  after  500  h.  In  contrast,  the  Cu1.3Mn1.7O4  coated  AISI  430 
exhibited  19.3  mQ  cm2  after  500  h,  which  is  markedly  lower 
than  uncoated  sample  (-70%). 
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